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REMOTE OBJECT POSITION AND 
ORIENTATION LOCATOR 

BACKGROUND OF THE INVENTION 

This invention relates to determining the position and 
orientation of a remote object with respect to a refer 
ence point; and, more particularly, to radiating an elec 
tromagnetic ?eld from the reference point, detecting 
the ?eld at the remote object and analyzing the detected 
?eld to determine the position and orientation of the 
remote object. 

' . The use of orthogonal coils for generating and sens 
ing magnetic ?elds is well known. For example, such 

5 

apparatus has received wide attention in the area of 15 
mapping magnetic ?elds to provide a better understand 
ing of their characteristics. If a magnetic ?eld around 
generating coils can be very accurately mapped 
through use of sensing coils, it has also been perceived 
that it might be possible to determine the location of the 
sensing coils relative to the generating coils based on 
what is sensed. However, a problem associated with 
doing this is that there is more than one location and/or 
orientation within a usual magnetic dipole ?eld that will 
provide the same characteristic sensing signals in a sens 
ing coil. In order to use a magnetic ?eld for this pur 
pose, additional information must therefore be pro 
vided. 
One approach to provide the additional information 

required for this purpose is to have the generating and 
sensing coils move with respect to each other, such as is 
taught in U.S. Pat. No. 3,644,825. The motion of the 
coils generates changes in the magnetic ?eld, and the 
resulting signals then may be used to determine direc 
tion of the movement or the relative position of the 
generating and sensing coils. While such an approach 
removes some ambiguity about the position on the basis 
of the ?eld sensed, its accuracy is dependent on the 
relative motion, and it cannot be used at all without the 
relative motion. 
Another approach that has been suggested to provide 

the additional required information is to make the mag 
netic ?eld rotate as taught in Kalmus, “a New Guiding 
and Tracking System,” IRE Transactions on Aerospace 
and Navigational Electronics, March 1962, pages 7-10. 
To determine the distance between a generating and a 
sensing coil accurately, that approach requires that the 
relative orientation of the coils be maintained constant. 
It therefore cannot be used to determine both the rela 
tive translation and relative orientation of the generat 
ing and sensing coils. 

U.S. Pat. No. 3,868,565, assigned to the same as 
signee, teaches a tracking system for continuously de 
termining at the origin of a reference coordinate system 
the relative translation and orientation of a remote ob 
ject. The tracking system includes radiating and sensing 
antenna arrays each having three orthogonally posi 
tioned loops. Properly controlled excitation of the radi 
ating antenna array allows the instantaneous composite 
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radiated electromagnetic ?eld to be equivalent to that of 60 
a single loop antenna oriented in any desired direction. 
Further control of the excitation causes the radiated 
?eld to nutate about an axis denoted a pointing vector. 
This tracking system is operated as a closed-loop system 
with a computer controlling the radiated-?eld orienta 
tion and interpreting the measurements made at the 
sensing antenna array. That is, an information feedback 
loop from the sensing antenna array to the radiating 
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antenna array provides information for pointing the 
nutation axis toward the sensing antenna array. Accord 
ingly, the pointing vector gives the direction to the 
sensing antenna array from the radiating antenna array. 
The proper orientation of the pointing vector is neces 
sary for computation of the orientation of the remote 
object. The signals detected at the sensing antenna in 
clude a nutation component. The nutating ?eld pro 
duces a different nutation component in each of the 
three detected signals. The orientation of the sensing 
antenna array relative to the radiated signals is deter 
mined from the magnitudes of these components. 

U.S. Pat. No. 4,054,881, assigned to the same as 
signee, teaches a magnetic or near-?eld non-tracking 
system for determining, at a remote object, the position 
of the remote object with respect to a reference coordi 
nate system. The orientation of the remote object can be 
determined, at the remote object, with respect to the 
reference coordinate system by using an iterative com 
putational scheme. This is accomplished by applying 
electrical signals to each of three mutually orthogonal 
radiation antennas, the electrical signals being multi 
plexed with respect to each other and containing infor 
mation characterizing the polarity and magnetic mo 
ment of the radiated electromagnetic ?elds. The radi 
ated ?elds are detected and measured by three mutually 
orthogonal receiving antennas, having a known rela 
tionship to the remote object, which produces nine 
parameters. These nine parameters, in combination with 
one known position or orientation parameter are suf? 
cient to determine the position and orientation parame 
ters of the receiving antennas with respect to the posi 
tion and orientation of the radiating antennas. 
Copending and allowed U.S. Patent application, Ser. 

No. 62,140 ?led July 30, 1979 entitled REMOTE OB 
JECT POSITION AND ORIENTATION LO 
CATER, and assigned to the same assignee, teaches 
several improvements to U.S. Pat. No. 4,054,881. Relat 
ing to the de?nition of a minimum excitation set in the 
near ?eld context. In particular two-state excitation and 
two axis transmission or reception is taught in a non 
tracking system that determines orientation in a non 
iterative manner. However, as in all the aforementioned 
disclosures, the distance between the radiating antennas 
and the receiving antennas is again limited to the region 
in which the near ?eld is dominant. 
Copening U.S. Pat. No. 4,298,874, issued Nov. 3, 

1981, assigned to the same assignee and entitled 
METHOD AND APPARATUS FOR TRACKING 
OBJECTS, teaches a tracking system for: (a) determin 
ing at the origin of a ?rst body coordinate reference 
frame the relative position and orientation of a second 
body and, (b) determining at the origin of a second body 
coordinate reference frame the: relative position and 
orientation of the first body. The separation distance 
between the bodies is not limited. to the near ?eld. Each 
body of the tracking system includes at least two inde 
pendently oriented stub dipoles for radiating and sens 
ing electromagnetic ?elds. Properly controlled excita 
tion of the radiating antenna allows the radiated ?eld to 
nutate about an axis denoted a pointing vector. The ?rst 
body receives radiation transmitted from the second 
body and establishes the pointing angles to the second 
body with respect to the ?rst body coordinate reference 
frame. The processing which determines the pointing 
angles is dependent on the fact that no modulation or 
nutation components exist in the radial direction. The 
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?eld received by the ?rst body can include information 
de?ning the second body’s pointing angles to the ?rst 
body with respect to the second body’s coordinate ref 
erence frame and the relative roll about their mutually 
aligned pointing axes. This information is suf?cient for 
determining the orientation of the ?rst body relative to 
the second. This process is then repeated with the sec 
ond body receiving radiation transmitted from the ?rst 
body. Further, information can be transmitted from the 
?rst body to the second body which establishes a vector 
from the second body to a third body, thus de?ning the 
location of the third body at the second body. 
Copending US. patent application Ser. No. 137,287, 

?led Apr. 4, 1980, assigned to the same assignee and 
entitled LOCATOR FOR SOURCE OF ELECTRO 
MAGNETIC RADIATION HAVING UNKNOWN 
STRUCTURE OR ORIENTATION improves upon 
the aforementioned system by teaching means for deter 
mining the position of the source relative to the receiv 
ing means without a priori knowledge of the orientation 
of the source or the relative orientation of its compo 
nents. 
While the art of determining the position and orienta 

tion of remote objects is a well developed one, opera 
tion of near-?eld systems over large ranges requires 
impractically large antennas and impractically high 
transmitter powers. And, there still remains a need to 
determine the position and orientation of a remote ob 
ject in the context of a non-tracking system, employing 
a minimum excitation set, when the separation distance 
from the remote object to a reference coordinate frame 
is such that the far-?eld component of the transmitted 
radiation substantially exceeds the near-?eld compo 
nent of the radiation. There is also a need for determin 
ing, in the context of a far-?eld non-tracking system, the 
position and orientation of a remote object with respect 
to a reference coordinate frame by the use of either two 
radiating antennas and three receiving antennas or three 
radiating antennas and two receiving antennas. 

SUMMARY OF THE INVENTION 

The present invention is directed to a technique for 
determining relative position and orientation between 
an electromagnetic source and sensor using far-?eld 
coupling between the source and sensor. In the case of 
large separation distances between the source and sen 
sor, the present invention presents the advantages of 
smaller size, weight and power requirements with 
longer range and minimization of multi-path signals 
(?eld distortion) by using short pulse transmission. Spe 
ci?cally, apparatus for determining the position and 
orientation of a remote object relative to a reference 
coordinate frame comprises a plurality of radiating 
means having orthogonal components centered about 
the origin of the reference coordinate frame. Means is 
provided for applying to the plurality of radiating 
means electrical signals which generate a plurality of 
electromagnetic ?elds. Transmission and processing 
speed is increased by applying electrical signals to the 
radiating means that consist of only two discrete excita 
tion states. The transmitted electromagnetic ?elds are 
multiplexed and thus are distinguishable from one an 
other. A plurality of receiving means are disposed on 
the remote object, the receiving means having antenna 
components for detecting and measuring received com 
ponents of the transmitted electromagnetic ?elds. The 
radiating means and receiving means are separated by a 
distance sufficient to insure that far-?eld components of 
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the transmitted electromagnetic ?elds are substantially 
greater in magnitude than the near-?eld components of 
the electromagnetic ?elds. In the case where the radiat 
ing means and receiving means are each provided with 
at least three orthogonal antenna components, analyz 
ing means is provided for converting the components of 
the electromagnetic ?elds received by the receiving 
means into remote object position and orientation rela 
tive to the reference coordinate frame in a non-iterative 
manner with at most one ambiguous combination of 
orientation and position. The analyzing means operates 
open loop with respect to the radiating means and in 
cludes computation means for determining the separa 
tion distance between the radiating means and the re 
ceiving means. 

In other embodiments of the invention, processing 
speed is substantially increased and the cost and com 
plexity of either the transmitter or receiver is substan 
tially reduced by providing one of the plurality of radi~ 
ating means and the plurality of receiving means with 
only two orthogonal components and the other with 
three orthogonal components. In this case, the analyz 
ing means associated with the receiving means converts 
the received components of the transmitted electromag 
netic ?eld into remote object position and orientation 
relative to the reference coordinate frame with at most 
two ambiguous combinations of orientation and posi 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a partly block, side elevational view of a 
landing aid system in accordance with an embodiment 
of this invention; 
FIG. 2 is a graphical representation showing the 

relationship between electric ?eld strength and distance 
from a radiator; 
FIG. 3 is a simpli?ed representation of a electric ?eld 

associated with a current-carrying electric dipole; 
FIG. 4 is a graphical representation of the location 

coordinate system of the remote object with respect to 
the location of the origin of the reference coordinate 
frame; 

FIG. 5 is a graphical representation of the orientation 
coordinate system of the remote object with respect to 
the reference coordinate frame; 
FIG. 6 is a graphical representation of the amplitude 

‘ of the signals applied to the transmitting antennas, with 
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respect to time, in the case where the signals are fre 
quency division multiplexed; 
FIG. 7 is a block diagram of a portion of the receiver 

in accordance with ane embodiment of this invention; 
FIG. 8 is a graphical representation of the far-?eld 

electromagnetic coupling of a three axis sensor to a 
three axis source; and 
FIG. 9 is a graphical representation of the far-?eld 

electromagnetic coupling of a three axis sensor with a 
three axis source of unknown orientation; 
FIG. 10 is a ?ow chart for the computations carried 

out in a three-state power solution for remote object 
position and orientation; 
FIG. 11 is a flow chart for the computations carried 

out in a two-state power and dot product solution for 
remote object position and orientation; 
FIG. 12 is a graphical representation of the signals 

applied to the transmitting antennas, with respect to 
time, in the case where the signals are time division 
multiplexed; ' 
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FIG. 13 is a schematic representation of a transmitter 
employed in a time division multiplexed system; 
FIG. 14 is a schematic representation of a receiver 

employed in a time division multiplexed system. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS APPARATUS 

THREE AXIS TRANSMISSION AND THREE 
AXIS SENSING WITH FREQUENCY DIVISION 

MULTIPLEXING: 

Although the invention may have utility in a number 
of environments, only an embodiment relating to a long 
distance landing system is described in detail. Referring 
to FIG. 1, a landing aid system 10 includes ground 
based components 30 for radiating an electromagnetic 
?eld and airborne components 20 for receiving the 
electromagnetic ?eld and determining the position and 
orientation of airborne components 20 with respect to 
ground based components 30. Ground based compo 
nents include a signal generator 31 coupled in parallel to 
power ampli?ers 32, 33 and 34. A ground antenna array 
40 includes orthogonal electric dipole antennas 41, 42, 
and 43 (denoted X,Y,Z) coupled to power ampli?ers 32, 
33, and 34, respectively. The dipole antennas 41, 42 and 
43 are short relative to the wave length of the carrier 
frequency so that they each produce an electric dipole 
?eld pattern unique to each antenna. A monitor receiver 
44 is coupled to signal generator 31, spaced from 
ground antenna array 40 and has an orthogonal antenna 
array 45 for receiving electromagnetic radiation from 
ground antenna array 40. The separation distance of 
monitor receiver 44 from the ground antenna array 40 is 
such that the electromagnetic ?eld has a far-?eld com 
ponent substantially in excess of the near-?eld compo 
nent. Monitor receiver 44 provides a means of verifying 
the electromagnetic transmission from ground antenna 
array 40. Airborne components 20 include the sequen 
tial coupling of an orthogonal receiving antenna array 
21 signal ampli?er group 52, frequency translator group 
53, signal processor group 54, computer 50 and display 
51. More specifically, antenna array 21 includes receiv 
ing dipole antennas 22, 23 and 24 (denoted U,V,W) 
coupled sequentially to signal ampli?ers 25, 26 and 27, 
respectively, frequency translators 55, 56 and 57, re 
spectively, and signal processors 58, 59 and 60 respec 
tively. 

Landing aid system 10 operates “open loop” in that 
the only communication between airborne components 
20 and ground based components 30 is the radiated 
electromagnetic ?eld from ground based components 
30. There need be no communication from airborne 
components 20 to ground based components 30 in order 
to establish the position and orientation of receiving 
antenna array 21 with respect to ground antenna array 
40. Further, landing aid system 10 allows simultaneous 
use by any number of remote users. In addition to pro 
viding the capability for measuring position and orienta 
tion, the signals radiated by ground antenna array 40 
can provide a one-way data link from ground based 
components 30 to receiving antenna array 21. The link 
can carry information such as transmitter identi?cation, 
transmitter power, ?eld distortion corrections, loca 
tions of nearby obstacles, the location of the landing site 
relative to ground antenna array 40 and wind direction. 

Referring to FIG. 2, the ?eld produced by excitation 
of a dipole antenna can be separated into two compo 
nents referred to as the near-?eld and the far-?eld com 
ponents. According to the present invention, the separa 
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tion distance of the remote object from the transmitting 
means is limited to far-?eld conditions. The far-?eld 
component of the transmitted electromagnetic radiation 
decreases linearly as the distance between the remote 
object and the transmitter increases. The intensity of the 
far-?eld depends on the relative size of the antenna and 
the wave length of the excitation frequency. For electri 
cally short antennas, as the wave length of the excita 
tion frequency is shortened, or the excitation frequency 
is increased, the strength of the far-?eld component 
increases. The far-?eld component of electromagnetic 
radiation is generally used for long distance communi 
cations and navigation. On the other hand, the near 
field component of electromagnetic radiation decreases 
with the cube of the distance from the antenna prevent 
ing its detection at large distances. The intensity of the 
near-?eld is not a function of frequency and it can be 
quite highat short distances. When using the far-?eld 
component, some additional ?eld distortion occurs be 
cause of surrounding objects. The amount of distortion 
resulting from surrounding objects depends on the con 
ductivity and permeability of these objects and their 
size and location relative to the receiving and transmit 
ting antennas. It is possible to predict and compensate 
the distortion caused by nearby ?xed objects and hence 
essentially remove position and orientation errors 
caused by these objects. 
Ground based components 30 generate a far-?eld 

landing aid signal. Signal generator 31 generates the 
electrical signals which excite each of antennas 41, 42 
and 43. The signal must be multiplexed so receiving 
antenna array 21 can distinguish the electromagnetic 
radiation from each of the antennas 41, 42 and 43. Al 
though the list i not exhaustive, the electromagnetic 
radiation transmitted from each of the antennas 41, 42 
and 43 may be distinguished by using time division 
multiplexing, frequency multiplexing, phase multiplex 
ing and spread spectrum multiplexing. Additionally, the 
electrical signal may contain information characterizing 
the phase of the electromagnetic radiation. A simple 
example would be to include a timing pulse whenever 
the signal goes positive. Alternatively, if frequency 
multiplexing is used, the excitation to each of antennas 
41, 42 and 43 is advantageously coherent. That is, peri 
odically all of the signals go positive simultaneously (see 
FIG. 6). Additionally, the data frequency determines 
the spacing between the carrier frequencies, and is thus 
the basic reference frequency of signal generator 31. 
The data frequency is labeled f,, in FIG. 6. Advanta 
geously, the reference frequency will be derived from a 
temperature compensated crystal oscillator in the 10 
MHz range and frequency selection will be in 10 kHz 
steps. 
The three power ampli?ers 32, 33 and 34 boost the 

outputs of signal generator 31 to a level suf?cient to 
produce the desired power with the given antenna. To 
make ef?cient use of the power available, a switching 
power amplifier may be used. For example, either class 
D (carrier frequency switching) with a class S (high 
frequency switching) modulator can be used. An RFI 
?lter is advantageously also included. 
Ground antenna array 40 includes mutually orthogo 

nal dipole antennas 41, 42 and 43 and may be located 
near the landing pad. The relationship of the landing 
pad to ground antenna array 40 can be included in the 
one-way data stream to airborne components 20. An 
tenna design in the far-?eld context is highly dependent 
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on the operating carrier frequency. For a long distance 
landing aid system 10, a carrier frequency of 220 MHz 
is appropriate. A dipole antenna whose length is ap 
proximately one-tenth of the wave length of the carrier 
frequency would give a dipole length of approximately 
12 centimeters. 
Monitor receiver 44 is similar to an airborne receiver, 

but omits position/orientation computations, data de 
coding, and display. Its function is to insure that electro- , 
magnetic ?eld amplitudes and phases radiated from 
ground antenna array 40 are correct. When deviations 
are found, change instructions are issued to the signal 
generator. If signals cannot be maintained within pre 
scribed tolerances, the monitor can place an out-of-tol 
erance message in the data stream. Of course, it can be 
appreciated that monitor receiver 44 is not necessary to 
an embodiment of this invention. 

Airborne components 20 of landing aid system 10 for 
a frequency division multiplexing embodiment are 
shown in FIG. 1 and having a separate signal processing 
path for each of the signals from receiving dipole anten 
nas 22, 23 and 24. Although there is additional discus 
sion below of various multiplexing alternatives, it can 
readily be appreciated that if time division multiplexing 
were used, a single path could be switched among an 
tennas 22, 23 and 24. 
FIG. 7 shows a more detailed block diagram of a 

signal path, in particular the U antenna signal path. For 
practical reasons, ampli?er group 52 and frequency 
translator group 53 are broken into several components 
and spread throughout the signal path. More speci? 
cally, U ampli?er 25 of ampli?er group 52 includes a 
preampli?er 61, gain control 63, ampli?er 62 and ampli 
?er 64. Frequency translator 55 of frequency translator 
group 53 includes band pass ?lter 65, mixer 66, mixer 
67, low pass ?lter 68 and synthesizer 69. Accordingly, 
receiving dipole antenna 22 is coupled to preampli?er 
61, band pass ?lter 65, gain control 62, ampli?er clipper 
63, mixer 66, band pass ?lter 65, ampli?er clipper 64, 
mixer 67 and low pass ?lter 68. Synthesizer 69 is con 
nected to mixers 66 and 67. The output of low pass ?lter 
68 is connected to signal processor 58. 

Signal processor 58 includes parallel combinations of 
the sequential connection of a mixer, an integrator and 
a sample-and-hold block. More speci?cally, each of the 
parallel paths has mixers 70 through 75, integrators 76 
through 81 and sample-and-hold blocks 82 through 87. 
The outputs from sample-and-hold blocks 82 through 
87 are coupled to computer 50 and in turn coupled to 
display 51. In this embodiment, there are six parallel 
paths for processing the signal from the U antenna. 
There is one path for signals received from the Y trans 
mitting antenna received by the U receiving antenna, 
denoted Y/U. Similarly, there is one path for signals 
received from the X transmitting antenna received by 
the U receiving antenna, denoted X/U. The transmitted 
signal from Z antenna has two frequencies for carrying 
a binary code and requires two paths, denoted Z1/U 
and ZOU. Further, during acquisition two additional 
signals are processed so data transmitted by the Z an 
tenna is not lost. These signals paths are denoted Zl/Uq 
and Zo/Uq and have negligible output when the re 
ceiver is locked on the transmitted frequencies. 
The metal aircraft upon which receiving antenna 

array 21 is mounted causes some distortion of the elec 
tromagnetic ?elds received by the antenna. Unless the 
aircraft is very close to the transmitter, this distortion 
may be described by a linear transformation which 
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maps the free space ?elds into three antennas 22, 23 and 
24. For example, a ?eld aligned exactly with the length 
of the aircraft will also appear in the transverse and 
vertical receiving antennas. This effect is constant for a 
given aircraft and installation. It is easily corrected by 
applying an inverse linear transformation to the mea 
sured data. 
The input bandwidth of ampli?er group 52 is advan 

tageously restricted to the 219-221 MHz band after 
which the signals ares boosted to a suitable level and 
noise impulses are clipped. Accurate gain control is 
used to obtain maximum effectiveness in clipping noise. 
Alternatively, an impulse detector may be applied at 
this point to shut off ampli?er 25 when an impulse oc 
curs. The signal is now translated downward to a con 
venient intermediate frequency such as 10 MHz. The 
bandwidth is also reduced to 100 kHz. After the ?nal 
ampli?cation and clipping, the signal is translated 
downward to approximately 100 kHz for ?nal process 
mg. 
The mixing frequencies required to accomplish the 

necessary frequency translation are synthesized by stan 
dard techniques. The ?rst mixing frequency is selectable 
in 10 kHz steps from 209-2ll MHz. This allows any 
selected signal in the 219-221 MHz band to be trans 
lated to 10 MHz. The second mixing frequency of 10.01 
MHz is ?xed and translates the 10 MHz intermediate 
frequency to the 100 kHz processing frequency. For 
initial acquisition, these frequencies are synthesized 
from a stable reference oscillator. After acquisition, 
they can be locked to the received signal to remove any 
frequency error. 

Signal processor group 54 must acquire the received 
signals, establish the timing reference, make measure 
ments for position/orientation computations, and de 
code transmitted data. To do this, it uses a series of 
phase-locked loops, frequency dividers, and integrators. 
Interface with computer 50 is accomplished by an A/D 
converter and a suitable buffer. Signal acquisition is 
accomplished by the equivalent of a pair of phase 
locked loops. In this particular example, as stated, fre 
quency multiplexing is used and data is carried only by 
one radiating antenna (the Z signal shown in FIG. 6). 
The frequencies for carrying data, i.e. ones and zeros, 
on the Z signal are referred to as the mark and space 
frequencies. Accordingly, the phase-locked loops can 
operate at, for example 110 Khz to correspond to the 
mark and space frequencies of the Z signal. Loop band 
width may be changed for initial acquisitions and later 
tracking, but in either case, it will be suf?ciently low to 
cause the loop to ignore the effects of the frequency 
shift keying. The 10 kHz reference timing is obtained as 
the difference between the frequencies of the two oscil 
lators generating the mark and space frequencies. Ac 
tual implementation can use measurements of both the 
sine and cosine integrals for measurement and locking, 
respectively. 

Signal measurements are made by mixing a received 
signal with a locally generated signal and integrating 
the product. A coherent set of mixing frequencies (for 
example, 120, 110, 100, 90 kHz) corresponding to the 
four transmitting frequencies is synthesized from the 10 
kHz reference frequency. The integrators 76-81 are 
advantageously reset about every 0.001 seconds by the 
reference signal. The value in each of the integrators is 
transferred to sample-and-hold circuits 82-87 just prior 
to the resetting of integrators 76-81. 
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Decoding of the data and averaging of the measure 

ments is accomplished by software. Computer 50 can 
measure signal amplitude and signal-to-noise ratio on a 
sample-by-sample basis. Navigation measurements of 
the X and Y signals are accomplished simply by sum 
ming an appropriate number of 0.001 second samples. A 
similar procedure is used on the Z channel for initial 
acquisition. When measurements indicate a satisfactory 
signal-to-noise ratio, data may be extracted by compar 
ing the Z-mark samples to the Z-space samples. Z-navi 
gation information is based on an average of those sam 
ples corresponding to the data received. That is, only 
the Z-mark or Z-space sample at a given sampling point 
is used, depending on the decision about which carrier 
was transmitted during that interval. 
The computer and display can be common to both 

long distance landing aid system 10 and the landing aid 
systems disclosed in US. Pat. No. 4,054,881 to Freder 
ick H. Raab issued Oct. 18, 1977 entitled REMOTE 
OBJECT POSITION LOCATER and copending ap 
plication Ser. No. 62,140 ?led July 30, 1979, to Raab, 
entitled REMOTE OBJECT POSITION LOCATER, 
both assigned to the same assignee. Both the aforemen 
tioned patent and patent application are hereby incor 
porated by reference. This is particularly advantageous 
for reducing cost and for simpli?cation of equipment. 
Further, an aircraft may use the present long distance 
landing aid system 10 to navigate to within a few kilo 
meters of the landing point and then acquire signals 
from the landing aid systems disclosed in the aforemen 
tioned patent and application for ?nal approach guid 
ance. The computer and display can be anything suit 
able and are therefore not discussed here in detail. 

TWO AXIS TRANSMISSION OR TWO AXIS 
SENSING WITH FREQUENCY DIVISION 

MULTIPLEXING: 

Although FIGS. 1 and 7 detail a landing aid system 
10 utilizing three transmitting antennas, 41, 42 and 43, 
and three receiving antennas 22, 23 and 24, according to 
the present invention, a landing aid system utilizing two 
transmitting antennas 41 and 42, and three receiving 
antennas 22, 23 and 24, or a landing aid system utilizing 
three transmitting antennas 41, 42 and 46, and two re 
ceiving antennas 22 and 23, may be provided. Two axis 
transmission with three axis sensing simpli?es the trans 
mitter. This arrangement also brings about an increase 
in processing in the case where time division multiplex 
ing is used to distinguish the signals applied to each axis 
of the transmitting antenna array. Three axis transmis 
sion with two axis sensing simpli?es the receiver. How 
ever, the use of two antennas for either transmitting or 
receiving does add an additional ambiguity to the sys 
tem. This can be corrected by, in addition to specifying 
that the airplane is flying right-side-up or upside down, 
specifying that the airplane is approaching the landing 
site from either the north or south, or the east or west. 
Apparatus for transmitting with only two orthogonal 
antennas is the same as that previously described with 
reference to FIG. 1 except that only two of the X, Y or 
Z signals paths are necessary. Apparatus for receiving 
those signals is the same as that previously described 
with reference to FIGS. 1 and 7 except that the remain 
ing signal paths contain fewer parallel paths since the 
signal from one of the X, Y or Z transmitting antennas 
is not present. Apparatus for receiving three transmitted 
signals with only two receiving antennas is the same as 
that previously described with respect to FIGS. 1 and 7 
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10 
except that only two signal paths are necessary for the 
two orthogonal receiving antennas. 

TIME DIVISION MULTIPLEXING: 

FIG. 12 depicts a pulsed carrier wave signal format 
suitable for use in a time division multiplexed system. 
The three axes of the transmitting antenna are excited 
sequentially by signals of the same frequency. The dura 
tions of the three pulses are known (?xed), with the 
X-axis excitation pulse longer than the others to allow 
the receiver to establish synchronization, thereby 
knowing which received signals to attribute to which 
transmitting axis. 
T 0 allow rejection of multipath effects, a “dead 

space” might be inserted between the pulses to allow 
time for echos to die out. If multipath interference were 
no problem, all three axes could be excitated simulta 
neously by signals of different frequencies or by signals 
modulated by different spread spectrum codes. These 
are ordinary engineering design decisions that must be 
made for each application of the disclosed concept. 
Formats for two-state excitation are similar but sim 

ply omit excitation of one axis. If two-axis reception is 
used, a three-state excitation pattern as described above 
is still required. 
The carrier frequency for these signals would nor 

mally be in the range of 300 to 3000 MHz with present 
technology. The excitation pattern could be repeated at 
frequencies in the range of 1 kHz to 30 MHz. 
FIG. 13 depicts a block diagram of a transmitter for a 

time division multiplexed system. Note that for two 
state transmission, the Z-axis of the antenna and the 
associated driving circuitry is omitted. 

All signals in the transmitter are derived from a stable 
oscillator 200 by a frequency synthesizer 201. The de 
rived radio frequency signals are switched to the power 
ampli?ers 207, 208, and 209 by gates 203, 204, and 205, 
which operate under the control of a sequencer 206. 
The-power ampli?ers 207, 208 and 209 produce excita 
tion voltages wx, wy, and W; as inputs to the antenna 
axes 210, 211, and 212, respectively. The antennas 210, 
211 and 212 are dipoles that are short relative to the 
wavelength of the carrier frequency so as to produce an 
electric dipole-?eld pattern. 
A receiver suitable for use in a time division multi 

plexed system is illustrated in FIG. 14. Signals are re 
ceived by short dipole antennas 213, 214, and 215 and 
preamplified by preampli?ers 216, 217, and 218. For 
two-axis reception of three-state transmissions, one of 
the receiving antennas and the circuitry associated 
therewith can be omitted. 

After preampli?cation, the three received signals are 
converted to an intermediate frequency by mixers 219, 
220, and 221, which are driven by signals produced by 
an oscillator 222, and a synthesizer 223. Note that all 
signals and timing in the receiver are derived from one 
master oscillator. Not shown is apparatus for phase 
locking to the received signal, which may be added and 
is standard technology. 

Intermediate-frequency signals are ampli?ed by am 
pli?ers 224, 225, and 226. The ampli?ed intermediate 
frequency signals are mixed with signals of same fre 
quency in mixers 227, 228, and 229. The outputs of these 
mixers are integrated by integrators 230, 231, and 232, 
and sampled by 233, 234, and 235; outputs are acquired 
by the computer 239, which performs the required 
mathematical operations to extract position and orienta 
tion information, which is displayed by 240. The mathe 
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matical operations hereinafter developed are equally 
applicable to time division multiplexed and frequency 
division multiplexed signal formats as well as many 
other types of signal formats. 

OPERATION 

Referring now to the frequency division multiplexing 
embodiment illustrated in FIGS. 1, 6 and 7, if unambig 
uous measurements are desired, geometrical consider 
ations result in inclusion of a timing reference in the 
transmitted signal. They also require airborne compo 
nents 20 to measure the signal components induced in 
each receiving antenna 22, 23 and 24 by each transmit 
ting antenna 41, 42 and 43. These requirements and any 
additionally desired data transmission form the con 
straints on signal format. While many choices are possi 
ble, coherent frequency division multiplex with fre 
quency shift keying may be suitable for many general 
purpose users. 

It should be noted that in order to facilitate the or 
derly development of a position and orientation ?nding 
algorithm, the three transmitting antennas will be desig 
nated a three axis source 98, and the three receiving 
antennas will be designated a three axis sensor 100. 

FAR FIELD COUPLING: 

Excitation of an electric dipole or loop (magnetic 
dipole) antenna produces terms that vary as l/p3, l/p2, 
and Up, which are referred to as quasi-static (near) 
?eld, induction ?eld, and far ?eld, respectively. At 
large distances (p> >7t/21T), the far-?eld terms domi 
nate and the resultant electric and magnetic ?elds form 
essentially plane waves. The electric and magnetic ?eld 
vectors are orthogonal to each other and both are or 
thogonal to the direction of propagation. The cross 
product of the electric and magnetic ?eld vectors, 
called the Poynting vector, represents power flow, and 
is oriented in the direction of propagation. 

It is convenient to think of far-?eld coupling in terms 
of the behavior of electric dipoles, although essentially 
the same relationships hold for magnetic dipole (loop) 
sources and sensors. The electric ?eld resulting from 
the excitation of an electrically short dipole is: 

___ I111 

Up 
(1) 

where the excitation current is I cos cot, the antenna 
length is l, and 7t is the wavelength of the carrier fre 
quency. The off-axis angle 8 and the ?eld pattern pro 
viding for each antenna, as de?ned by Equation (1) are 
shown in FIG. 3. Note that in contrast to the near-?eld, 
the far-?eld intensity varies as the inverse of distance 
and is frequency dependent. 
The magnetic ?eld vector is related to the electric 

?eld vector by the free-space n=377?, thus 

[HI = %- (2) 

In the receiving or sensing mode, a dipole has the same 
pattern as it does in transmitting. An elementary dipole 
sensor therefore produces an output proportional to the 
sine of the angle between the electric ?eld vector and 
the dipole. Note that variation of the ?eld strength with 
the sine of the off-axis angle 8 is a characteristic of 
elementary short dipoles. This simple variation does not 
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12 
apply to dipoles whose lengths are a signi?cant portion 
of a wavelength (0.1)» or greater) or arrays of coupled 
colinear elements. For example, the ?eld strength pro 
duced by a half-wave dipole varies as cos (11/2 cos 
8)/sin 6. 
A coordinate system for determination of the position 

of the receiver relative to the transmitter is shown in 
FIG. 4. The X, Y and Z axes are aligned with north, 
east, and vertical, respectively, and are centered at the 
center of transmitting ground antenna array 40. Loca 
tion of receiving antenna array 21 may be speci?ed in 
either rectangular corrdinates (x, y, z) or in polar coor 
dinates (a, ,8, p). It may also be speci?ed by the distance 
p and two of the three orientation angles 8x, 5y, or 82. 

Measurement of the three transmitted signals from 
ground antenna array 40 as received by the set of three 
orthogonal receiving antennas 22, 23 and 24 produces 
nine parameters which are suf?cient to determine the 
six position and orientation parameters. As noted ear 
lier, this assumes one orientation or position parameter 
is independently determined. While there are a variety 
of computational algorithms that can be used, it is con 
ceptually easiest to begin by using relative amplitudes to 
determine position. 
The ?rst step in synthesizing a position and orienta 

tion ?nding algorithm is the de?nition of corrdinates 
and vector-matrix formulations relating sensor output 
to source excitation. 
The geometric relationship between the three-axis 

sourec 98 and the three-axis sensor 100 is shown in FIG. 
5. The source coordinate frame X1—Y1-Z1 is de?ned 
by the axes of the source 98. Alignment of the source 
axes with some convenient natural reference such as 
north, east and down is assumed. The source axes can be 
effectively aligned with any desired coordinate frame 
by altering the excitation. Similarly, coordinates mea 
sured in the source coordinate frame can be converted 
to any desired coordinate frame mathematically. 
The sensor position is speci?ed in rectangular (x, y, z) 

or spherical (a, ,8, p) coordinates de?ned relative to the 
source coordinate frame. Sensor orientation is speci?ed 
by a sequence of three rotations. Azimuthal rotation by 
111 ?rst turns the sensor about its Z axis from +X toward 
+Y. The elevation rotation by 0 then turns the sensor 
about its Y axis from +X to —Z. Finally, a roll rotation 
by (1) turns the sensor about its X axis from +Y to +2. 
Note that in the zero-orientation condition, the three 
sensor axes are parallel to the corresponding source 
axes, and that the order of the rotations cannot be inter 
changed without changing the values of 111, 0, and <1). 
The excitation of a three-axis electric dipole source 

98 and the resultant three-axis sensor output are most 
conveniently described in vector notation. The excita 
tion of the source is therefore represented by f1=[f1x, 
fly, f1z]T. The lengths of the three dipoles are assumed 
to be identical, hence f 1 x, f 1 y, and f 1 zrepresent the ampli 
tude of the currents exciting the dipoles of X-axis, Y 
axis, and Z-axis orientation, respectively. 
Now let the output of a three-axis sensor be similarly 

represented by f3=[f3x, f3y, f3Z]T, and consider the cou 
pling between that sensor and a similarly aligned source 
f2. FIG. 8 depicts a three~axis source 102 and a three 
axis sensor 100 whose coordinate frames are aligned. 
Since the sensor 100 is located on the X2 axis, the sensor 
100 is in the null of the X2 dipole, hence the X2 excita 
tion produces no sensor response on any axis. The 
source Y2 axis is parallel to the sensor Y3 axis, and there 
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fore produces a response in that axis. However, the 
electric ?eld resulting from Y; axis excitation is orthog 
onal to the sensor Z3 axis and hence produces no Z3 
response. Coupling between the source Z2 excitation 
and the sensor Y3 and Z3 axes is analogous. 

If the three-axis source excitation is represented as a 
vector {2 and the three-axis sensor output is similarly 
represented as a vector f3, the source-to-sensor coupling 
can be described by: 

0 o 0 
Q l 0 f2 
0 0 1 ~ 

The factor C accounts for excitation and sensing con 
stants common to all axes. Note that the far-?eld cou 
pling matrix S (shown above) is degenerate and differs 
from the near-?eld coupling matrix. If C is not known, 
range cannot be determined, however, the ?ve angles 
can be determined whether or not C is known. 
The coupling between a source 98 and sensor 100 of 

arbitrary position and orientation (FIG. 5) can be deter 
mined by inserting orthogonal rotation matrices into 
Equation (3). These matrices are based upon position 
azimuth and elevation (at and B) and orientation azi 
muth, elevation, and roll (Ill, 0, and <I>), as shown in 
Table 1. Note that the subscript de?nes both the type 0 
transformation and its independent variable. - 

TABLE 1 

l 

l 

(3) 

Position 

Azimuth 

rotates 

X into Y Ta = 
cosasinaO 

[—sinacosaO 0 O 1 

Elevation 

rotates cos B 0 —sin [3 
X into —Z I); = [ 0 1 0 

sin ,8 0 cos [3 sin 0 0 

Roll 

rotates 

Y into Z not applicable 

Inverses 

Ill-1: 2-41.:(28 Ia)_1= 2-0. 2-8 
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cosOO-sinO 

[ 0 1 
cos 0 

14 
The equivalent sources and sensors used above are 
listed in Table 2. 

TABLE 2 

SYMBOL NAME DEFINITION 

f1 Source — 

f2 Position-frame source £2 = 2;; Ta 1: 

f3 Position-frame sensor f 3 = g S f 2 
N I) ~ ~ 

f4 Zero-orientation sensor i 4 = I _a I .43 i 3 

f5 Sens" is = L» I6 Iw £4 

Utilizing Table 1 and equations (3) and (4) f3 can be 
expanded as follows: 

.C. S (6) 
p ~ ~ 

c0513 0 —sin/3 cos a. sin a 0 
0 l 0 —sina cosa 0 
sinB 0 005B 0 ‘ 0 l 

(7) 
f 1 

cos a sin [3 sin a sin ,3 cos B 

cos ill sin ill 0 

if»: [ —Sillll/COSllIO] 0 0 1 

l 

1 

Consider ?rst the coupling between the source and a 
zero-orientation sensor (whose output is f4), located at 
(a, B, p), as shown in FIG. 5. The excitation f; of an 
equivalent source 102 whose X-axis is aligned with the 
line connecting the source 98 and sensor 100 can be 
determined by rotating the excitation vector of the real 
source 98 by position azimuth and elevation, thus 

f2=IBTa£1 
(4) 
The coupling to a similarly aligned equivalent sensor f3 
then has the same form as Equation (3), i.e., f3=(C/p)§ 
£2. The output of the zero-orientation sensor is then 
found by applying inverse position rotations, thus 

(5) 

55 

60 

65 

The row of zeros in Equation (8) implies that no source 
excitation can produce a radial (position~fra_rne X3) 
component. 
A ?xed, three-state excitation pattern based upon the 

source axes is given by: 

0 (9) 

1 

l 0 

{1 (s1) = [0] 4162) = [1 O 0 

There is the same excitation pattern used by the near 
?eld large-angle algorithm. The ?elds produced at the 
sensor location in response to these excitation vectors 
are then: 
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(10) 
- o o 

£3(s1)=% —sina =-§- —y/W 
cos a sin B x z/p W 

(11) 
-o o 

£3(s2)=-pc— cosa. =-§- x/\i:2+—y2 
sin a sin 3 —y z/p W 

and 

-6 o (12) 

£3 (53) = % o = % 0 

cos B W /p 

The output of three-axis sensor of arbitrary orienta 
tion (ill, 6, (D) is determined by applying orientation 

5 

15 

azimuth, elevation, and roll rotations to the output of 25 
the equivalent zero-orientation sensor, thus: 

POSITION DETERMINATION: 

Since the sensor orientation is unknown at this point 
in the processing, use must be made of orientation 
independent signal parameters. Three such parameters 
are: 

1. Signal power, obtained by dot products by sensor 
response vectors with themselves; 

2. Dot products between different sensor response 
vectors, analogous to the cosines of the angles 
between the response vectors; and 

3. The amplitude of the cross products between dif 
ferent sensor responses, analogous to the perpen 
diculars to the‘ planes de?ned by those responses. 
Several algorithms are derived subsequently; the 
choice of algorithm depends upon the application. 

1. THREE~STATE POWER SOLUTION: 

The sensor responses from all three states of source 
excitation Equations (10), (11), and (12) can be con 
verted to received power and processed to yield posi 
tion in a manner similar to that used for near-?eld appli 
cations. The three “power” responses are obtained by 
taking dot products of the three sensor response vectors 
with themselves. Since the sensor orientation is deter 
mined by a set of orthogonal rotations, the power is 
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invariant under sensor rotation. The three power out 
puts are: 

2 l4 
P(Sl) = c2 [sin2 a + cos: a Sin?‘ B] ( ) 

p 

2 ' l5 

KS2) = 52 [cos2 a + sin2 a sin2 B] ( ) 

2 l6 
KS3) = C, M2 B ( ) 

p . 

Distance p is obtained from the sum of the three 
powers, which is independent of a and B, thus: 

(17) 
_ ‘I ___LCZ____ 

P — P(S1) + P(S2) + P(s3) 

Rearrangement of Equation (15) then yields: 

(18) 

Substitution of p and |B| into Equation (15) then 
produces: 

(19) 

The position defined by 014, |B |, and {1 contains an 
eight quadrant ambiguity (as in the near-?eld algo 
rithm), which is reduced to a two-quadrant ambiguity 
by the signs of the dot products. The three possible 
dot-products are: 

c2 . . . (20) 
v(Sl,S2) = —— (—sin (1 cos a + sin 11 cos a. sin2 [3) p2 

= c2 (sin 2a) (m2 3) 
2p2 - 

2 2 21 
v(S2,S3) = 2 (sin a. sin B cos B) = 2732 sin oi sin 2B ( ) 

and 

2 2 22 
v(S3,S2) = C (cos a sin B cos B) = C cos a sin 2B( ) 

p2 2 2 

Inspection of Table 3 shows that the polarities of any 
two of these dot products reduces the quadrant ambigu 
ity from 8 to 2. 

TABLE 3 
Position Coon" ‘ Dot Products 

Quadrant x y z a. B v(Sl,S2) v(S2,S3) v(S3,Sl) 

1 + + — 0°...90" 0°...+90° + + + 
2 - + - 90° . . . 180° 0‘ . . . +90° - + - 

3 — — - —90° . . . —l80° 0° . .. +90° + — - 

4 + — — 0°...—90° 0°...+90° — - + 

5 + + + 0°...90“ 0"...—90° + — — 

6 — + + 90°...l80° 0°...—90° — — + 

7 — — — '—90°...—l80° 0°...—90" + + + 

8 + — — 0°...—90° 0°...—90° - + - 
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A somewhat more direct solution can be obtained if 
the power responses are formulated in rectangular coor 
dinates: First, 

Range p is ?rst found by using Equation (17). Values of 
x2, Y2, and Z2 are then found by substitution of measured 
“power” and p2 into Equations (22), (24), an (25). FIG. 
10 illustrates a ?ow diagram for the computations in 
volved in the implementation of a three-state power 
solution for position. FIG. 10 also goes on to illustrate 
the ?ow diagram for the computations involved in cal 
culating orientation from the three-state power solution 
for position. The mathematical operations for calculat 
ing orientation are presented later. 

2. TWO-STATE POWER AND DOT PRODUCT 
SOLUTION: 

A two-state large-angle algorithm similar to that for 
near-?eld operation can be developed by using the nor 
malization . 

The ?rst dot-product Equation (20) is then also con 
verted to normalized rectangular coordinates 

J (‘w-1%) (KEY 
(30) 

If the dot-product Equation (30) is zero, either X1 :0 
or Y1 =0 or both; which of these is the case is readily 
determined by whether P(S2)>P(S1), P(S1)>P(S2) or 
P(S1)=P(S2), respectively. If v(S1,S2)¢O , then equa 
tion (30) can be rearranged into: 

(31) 

The difference of (28) and (27) then eliminates Z: 
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and substitution of Equation (31) produces an equation 
containing X2 as the only unknown: 

This new equation can be converted into a quadratic 
in X2 and solved. The erroneous value of X2 is then 
discarded and the correct value is substituted into Equa 
tion (28) to determine Z2. The value of Z2 is then substi 
tuted into Equation (27) to determine Y2. The sign of 
the dot product then reduces the quadrant ambiguity 
from 8 to 4. The 4 quadrant ambiguity is eliminated by 
specifying particular parameters as previously dis 
cussed. FIG. 11 illustrates a flow diagram for the com’ 
putations involved in the implementation of a two-state 
power and dot product solution for position. FIG. 11 
also goes on to illustrate the ?ow diagram for the com 
putations involved in calculating orientation from the 
two-state power and dot product solution for position. 
The mathematical operations for calculating orientation 
are presented later. 

3. THREE-STATE CROSS-PRODUCT 
SOLUTION: 

The amplitude of the cross-product of two vectors is 
invarient under the orthogonal sensor orientation rota 
tions and can therefore be used to determine position 
independent of sensor orientation. The orientation of 
the cross product is, in an absolute sense, also invariant 
under sensor orientation. However, the cross'product is 
referenced to the same coordinate frame as are the vec 
tors used to generate it. Therefore, the cross-product of 
two sensor responses is referenced to the sensor coordi 
nate frame. Since the orientation of the sensor is not 
known at this point in the signal processing, little use 
can be made of the orientation of the cross products. 

Inspection of the sensor-position-frame ?elds for the 
three axis excitation states Equations (10), (l l), and (12) 
shows that all have zero X components, which implies 
that both the Y and the Z components of the cross 
products of these vectors are zero. The resultant sensor 
position-frame cross-product vectors are then 

53 (S1,S2) = 1:3 (S1) X £3 (S2) (34) 

c2 |:(—sin a) (sin a sin ,8) — (cos a) (cos a sin [3) ] -— 0 

O 

(35) 

(36) 

c2 cos a cos B 

g3(sz,s3)= £362) X 1363) =_p2 [ 0 :| 
A. 0 

and 

(37) 

C2 sin (1 cos B 

.53 (83,81) = {3 (S3) X £3 (51) = T2 [ 0 :I 
~ 0 
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These three cross products will be rotated by yet 
unknown sensor orientation angles. However, the mag 
nitudes of the cross-products (or the squared magni 
tudes) are unchanged, hence we can obtain, indepen 
dent of sensor orientation, 

a(s1,s2) = | 5 (s1,s2) {2 = f: SiHZB (38) 

E(S2,S3) = 1 §(s2,s3) 12 = Z: cosza COSZB (39) 

and E(S3,S1) = | 5(5351) |2 = j: sinzacosz? (40) 

The solution for [7, (11, and is in general similar to the 
solutions by other methods. First: 

f;=C[E(S1,S2)+E(S2,S3)+E(S3,Sl)]"i (41) 

Substitution of [3 into (38) then produces: 

(42) 

and the ratio of (40) and (41) gives ambiguous azimuth: 

This position solution contains an eight-quadrant ambi 
guity that can be reduced to a four quadrant ambigity 
through the signs of the dot products as shown in Table 
3. 

(43) 

4. TWO-STATE AND CROSS-PRODUCT 
SOLUTION 

It is evident that P(Sl), P(S2), and E(S1, S2) produce 
three equations in the three unknown position parame 
ters. To ?nd position, ?rst rearrange Equation (38) to 
produce 

Substitution of this into the sum of Equations (14) and 
(15) leaves only p as an unknown: 

After has been determined, | and (1,4 can be deter 
mined in turn by substitutions into Equations (44) and 
(19), respectively. Quadrant ambiguity can be reduced 
from 8 to 4 by use of the sign of v(S1,S2). 

ORIENTATION DETERMINATION: 

Sensor orientation can be determined in a non-itera 
tive manner from any two sensor output vectors corre 
sponding to ?elds aligned with the source axes. These 
sensor output vectors are synthesized from the true 
sensor output vectors. One advantage of non-iterative 
orientation determination over iterative orientation 
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determination is an increase in processing speed. Also, 
non-iterative orientation determination techniques are 
free from latch up and allow a reduction in software 
complexity. 
The orientation rotations that convert the output of 

an equivalent zero-orientation sensor into the output of 
the true sensor 100 can be combined into a single matrix 
which can be expanded by using Table l to produce: 

4 = L» I0 2i <46) 

cos 9 cos Ill cos 0 sin xlJ —sin 0 

—cos (i) sin \11 cos 4) cos 1]: 
= +sin ¢ sin 0 cos ll! +sin ¢ sin 0 sin x11 sin (1) cos 0 

sin (b sin \11 —sin qb cos \ll cos :15 cos 0 
+005 sin 0 cos 111 +005 qb sin 0 sin 111 

Suppose that a source excitation produces a response 
f4(X)=[1, 0, 0]T in a zero-orientation sensor (i.e. the 
?eld at the sensor location has an Xl-axis orientation. 
The output from the real sensor 100 is then _f,(X)=A f4 
(X):[a11, a21, a31]T,' which is the ?rst column of A. 
Similarly, the second and third columns of A represent 
the sensor responses to ?elds of Y1—Z1-axis orientations, 
respectively. 

If the normalized sensor output vectors correspond 
ing to ?eld of X1-,—Y1-, and Z1 - axis orientations can be 
synthesized, the elements of A will be known, and the 
angles ill, 6, and <I> can be determined. For example, 
using the sensor X-axis response to a ?eld of Z1 —axis 

orientation, 

6: —arcsin f5x(Z)= —arcsin 4113 (47) 

The angles and (I) can now be determined by using the 
just-determined value of 0 to cancel the sin 6 and cos 0 
factors in the responses corresponding to all, an, a23, 
and a33. 

Errors in the range estimate and variation in the 
source power produce a multiplicative error common 
to all sensor output vectors. The effects of those errors 
can be avoided by determining orientation from ratios 
of sensor responses. Thus: 

(112 1 = arctan :' l: a 11 

l l = arctan 

(Note that a four-quadrant inverse tangent will place \ll 

Ill = arctan [fix (X) 

and 

49 
fit ( ) 

¢ = arctan [fsx (Z) 

and <l> in the proper quadrant.) Elevation 0 can be deter 
mined from 

(50) 

6 = arctan —Zé? = arctan -—_—al—3— 

f5x(X)/C°5 ‘1! all/cos 1]; 
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or three similar ratios using a13, and an, a23, or a33. A 
linear combination of all four ratios can also be used to 
minimize the effects of noise. 
While orientation is most simply determined using 

elements from all three synthetic sensor output vectors, 
inspection of the matrix A in Equation (46) shows that 
the information contained in any two columns is suf? 
cient to determine all three orientation angles. Some 
?exibility is therefore possible in a noisy environment; 
e. g., orientation can be estimated from the two output 
vectors with minimum estimated noise. Alternatively, 
information from all three output vectors might be com 
bined by linearizing the elements of A about the initial 
orientation estimates from Equations (48), (49), and 
(50). Minimum-variance linear combinations would 
then be formed to improve the initial estimates. 

NEAR-FIELD CONDITIONS, THREE-STATE 
EXCITATION: 

Fields of X1-, Y1-, and Zl-axis orientations are pro 
duced at the sensor location only when the sensor 100 is 
located on the X1, Y1, or Z; axis. The source excitation 
pattern is ?xed to allow multiple sensors to derive posi 
tion and orintation information from the same signals. 
In a near-?eld system with a three-state source-excita 
tion pattern (U .5. Pat. No. 4,054,881), the responses of 
the sensor to ?elds of X1, Y1, and Z1~axis orientations 
can be synthesized from the real sensor responses, 
which span three-dimensional vector space. 
The three true sensor output vectors can be assem 

bled into a 3 X 3 matrix F, which can then be written as: 

[1561) l 

4 9 [you i 1162) i 1163)] 

From the above equation, it is evident that the desired 
matrix A of synthetic responses can be obtained as: 

_ I (52) 12a) 

The coupling matrix (12-1 is computed using estimated 
values (it and B. Note that actual matrix inversion is 
unnecessary, since 

(53) 

Q-1 = (24241.8. 25 ra>-1= 242-13 515B!“ 

(54) 

FAR-FIELD CONDITIONS, THREE-OR 
TWO-STATE EXCITATION: 

While all orientation information is contained in any 
two sensor output vectors, synthesis of the desired sen~ 
sor responses (i.e., the matrix A) requires a three-dimen 
sional set of basis vectors. However, under far-?eld 
coupling conditions, the coupling matrix S(Equation (3) 
is degenerate (rank 2). Therefore, the inverse S—l, 
hence Q—l, (Equations (53) and (54)) do not exist and 
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Equation (52) cannot be used directly to synthesize 
orientation matrix 
The orientation matrix A can, however, be synthe 

sized by‘ using the cross product of two non-colinear 
sensor output vectors to provide the necessary third 
linearly independent vector. Suppose that the responses 
to state S1 and State S2 excitation are available and 
since orthogonal rotations preserve the angles between 
vectors, 

(55) 

The cross products can be used in place of the vectors 
produced by the third excitation state in forming the 
matrices F5 and F4, thus ' 

= 4 [1461) i {462) i Luca] = 4 54 

The vectors {4 (S1) and {4 (S2), and hence f4 (CP) can be 
calculated from the estimated position. The vector f 
(CP) can be calculated from the two sensor output 
vectors. The estimated orientation matrix A can then be 
determined from: 

é=155 54-1 (51) 

Orientation angles are then determined as discussed 
previously. For computational convenience, it may be 
desirable to multiply f (S1), f5(S2), f (S1), and {4(82) by 
[5/ C before computing the cross products; this results in 
cross-product vectors and sensor output vectors having 
roughly the same magnitude. 

Matrix inversion can be avoided by an alternative 
method of determining orientation. Linear combina 
tions of the two ?eld vectors at the sensor location form 
two orthogonal‘ synthetic ?eld vectors; application of 
the same coef?cients to the two sensor output vectors 
produces the analogous synthetic response vectors. 
The two synthetic sensor response vectors are placed 

in the second and third columns of a matrix A’, and 
orientation angles r11’, 0’, and ‘D’ are determined from 
those two columns. Those orientation angles are de 
?ned in the same manner as are 111, 0, and (I), but are 
referenced to the Y’—Z’ coordinate frame formed by the 
two synthetic ?eld vectors. The orientation (a', B’, 'y’) 
of the Y'—Z azes with respect to the X1—Y1~Z1 axes is 
then determined by multiplying direction cosine vec 
tors. The matrix A whose orientation angles are refer 
ence to the X1—Y1—Z1 coordinate frame is then: 

e=I¢'Ie'T¢'Iy'IB'Ia' (58) 

This method may allow a reduction of computation 
time in some applications. 

If the sensor lies in the X1—Y1 plane, two sensor out 
puts will be colinear, and orientation cannot be deter 
mined from f (S1) and f (S2) alone. This suggests that 
for the most general allowable orientations, three-state 
operation should be used so that there will always be 
some basis against which orientation can be determined. 

In far-?eld operation, the cross-product of any two 
?eld vectors at the sensor location is oriented radially 
away from the source, see Equations (35), (36), and (37). 
Transmission of such a vector is physically impossible, 




















